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20-hydroxyecdysone was discovered as the major biologically active insect steroid hormone half a century ago, yet much remains to be
learned about its biosynthesis and its activities. 20-hydroxyecdysone controls many biological processes, including progression between
larval stages, entry to pupariation and metamorphosis. A number of genes required for 20-hydroxyecdysone production have been identified,
including those encoding enzymes that mediate four of the late steps of biosynthesis. A second smaller group of low ecdysone mutants do not
encode enzymes. Here, we report identification of one such gene, which we call molting defective, on the basis of its lethal phenotype.
molting defective encodes a nuclear zinc finger protein required for ecdysone biosynthesis.
D 2005 Elsevier Inc. All rights reserved.
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Hormonal signals are responsible for the coordination
and regulation of many aspects of animal development. The
Drosophila steroid hormone 20-hydroxyecdysone (20E)
guides the transition from one developmental stage to the
next (Gilbert et al., 2002; Henrich et al., 1999; Riddiford,
1993). Mutations disrupting 20E signaling cause a wide
spectrum of defects including problems in morphogenesis
during embryonic life and metamorphosis, developmental
arrest, defects in molting and sterility in adults (Chavez et
al., 2000; D’Avino and Thummel, 2000; Freeman et al.,
1999; Hall and Thummel, 1998; Kozlova and Thummel,
2003; Petryk et al., 2003; Schubiger et al., 1998; Sliter and
Gilbert, 1992; Wismar et al., 2000). The ecdysteroid titer
shows clear peaks at about 8 to 10 h of embryogenesis
(Maroy et al., 1988), during each larval instar, at pupariation
and a more prolonged peak causing adult development
(Riddiford, 1993). Responses to the hormonal signal differ
in various tissues and include cell shape changes and0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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E-mail address: cohen@embl.de (S.M. Cohen).differentiation, apoptosis, proliferation or dedifferentiation,
depending in part on which ecdysone receptor (EcR)
isoform is expressed. While great progress has been made
toward understanding the molecular and genetic mecha-
nisms by which ecdysteroids regulate these diverse cellular
responses, much remains to be learned (reviewed by
Thummel, 1996).
The production of ecdysteroids in arthropods is a
complex process, involving numerous biosynthetic enzymes
as well as cellular transport machinery (Gilbert et al., 2002;
Lafont et al., 2004; illustrated in Fig. 1). Dietary cholesterol
(C) or another plant sterol precursor is first dehydrogenated
to 7-dehydrocholesterol (7dC) in the endoplasmic reticulum
by a P450 enzyme and transported into mitochondria for
subsequent oxidations (Lafont et al., 2004). Transport may
be rate limiting and might be under hormonal control but the
proteins involved are not known. In the low ecdysone
Drosophila mutant ecd1ts, this step might be disrupted
(Warren et al., 1996; reviewed in Gilbert et al., 2002). The
next characterized intermediates are D4-diketol and/or
diketol (5b[H]-cholesta-7-en-3,6-dione-14a-ol). The number
of steps between 7dC and the diketol is not known at
present, the so-called Black Box reactions (reviewed in
Gilbert et al., 2002). Next, a series of hydroxylation280 (2005) 362–372
Fig. 1. Ecdysone biosynthetic pathway. The major molting hormone 20E is produced from cholesterol or plant sterol precursors through a series of biosynthetic
reactions. The first step, the dehydrogenization of cholesterol, is catalyzed by a microsomal CYP450 enzyme. 7dC then is transported into the mitochondrion
where further oxidation reactions take place (the Black Box). The downstream oxidation product of 7dC most likely is the D4-diketol, the diketol or the
ketodiol, but this has not been identified with certainty (Gilbert et al., 2002; Lafont et al., 2004). A series of hydroxylation reactions then lead to the production
of ecdysone and 20-hydroxyecdysone (Gilbert, 2004). Where known, the name of the gene encoding the enzyme is given.
D. Neubueser et al. / Developmental Biology 280 (2005) 362–372 363reactions occur at the side chain carbons 25 and 22, then at
the A-ring carbon 2 and finally at carbon 20 (ecdysone 20-
monooxygenase). The genes encoding some of these
enzymes have been identified and interestingly, four of
them (phantom, disembodied, shadow and shade) are
members of the dHalloweenT class of genes. Mutants of
this class share a common phenotype; they secrete a very
thin cuticle with dorsal and anterior holes (Juergens et al.,
1984). The phantom gene encodes the enzyme that
catalyzes the conversion of the ketodiol to the ketotriol
through hydroxylation of carbon 25 (Niwa et al., 2004;
Warren et al., 2004). The disembodied gene encodes the 22-
hydroxylation activity (Chavez et al., 2000; Warren et al.,
2002), while the 2-hydroxylating enzyme is encoded by the
shadow gene (Warren et al., 2002). The final step is the
conversion of ecdysone to 20E in peripheral tissues. The
gene shade encodes the enzyme responsible for this reaction
(Petryk et al., 2003). phantom, disembodied, shadow and
shade are all members of the cytochrome P450 family of
enzymes, which are found either in mitochondria or
associated with the endoplasmic reticulum (ER; Gilbert,
2004). All these enzymes require a pair of electrons from
NADPH and molecular oxygen to modify their substrates.
In the ER, this reaction is mediated by NADPH cytochrome
P450 reductase, while for mitochondrial P450 enzymes,
these electrons are transferred via the action of adrenodoxin
reductase and adrenodoxin. The Drosophila homologue of
adrenodoxin reductase has also been cloned and shown to
play a role in ecdysteroid biosynthesis (Freeman et al.,
1999).
The main ecdysteroid-producing organ during Droso-
phila larval life and early pupal development is the ring
gland, a composite organ, composed of the prothoracic
gland cells and including the corpus cardiacum and the
corpus allatum (Dai and Gilbert, 1991). The ring gland
produces and secretes ecdysone and related molecules,
which can be converted to 20E by an intracellular 20-
monooxygenase in peripheral tissues, but not in the ring
gland (reviewed in Gilbert et al., 2002). In vitro experi-
ments with many different target tissues indicate that 20E is
the main active molting hormone (Riddiford, 1985) but
other dprecursorsT may have independent roles (Baker et al.,
2003).
So far, only two genes required for steroid production that
do not encode enzymes have been identified, ecdysoneless
and without children (woc). A temperature sensitive muta-
tion in the ecdysoneless gene, ecd1, has been used to analyze
the role of ecdysone at different stages of development
(Garen et al., 1977; Henrich et al., 1987; Redfern andBownes, 1983). At restrictive temperature, ecdysteroid
production is disrupted in the larval ring gland and in adult
ovaries (Warren et al., 1996). The gene encodes a conserved
protein with no known functional motifs (Gaziova et al.,
2004). Apart from its role in steroid synthesis, it is also
required cell autonomously in some non-steroidogenic
tissues, suggesting that not all defects seen in mutant animals
can be attributed to loss of ecdysteroid production. woc
contains several DNA-binding motifs and is thought to
function as a transcription factor (Wismar et al., 2000).
Mutations of woc affect the first step of steroidogenesis,
conversion of cholesterol to 7,8-dehydrocholesterol (Warren
et al., 2001).
Here, we report the identification of a novel regulator of
the steroidogenic pathway. The molting defective gene (mld)
is required for ecdysone production and encodes a nuclear
zinc finger protein. Mutations of mld cause an arrest of
development in the first larval instar. This defect can be
rescued by providing ecdysone or 20E. Mld does not
regulate the expression of the genes known to encode
enzymes of steroid biosynthesis. In contrast, expression of
several of these is increased in the mutant. Mld might
control the expression of other steroid biosynthetic enzymes
for which the genes have not yet been identified or might be
involved in some aspect of the differentiation of steroido-
genic tissues.Methods
Drosophila strains
Flies were cultured on standard medium at 258C. Fly
strains used were: Df(3R)crb87-5, In(3R)Ubx[7LL]ats[R],
armadilloGal4, patchedGal4 and ScallopedGal4 (described in
Flybase and available from the Bloomington, Indiana Stock
Center). mld mutants were produced by treating EP(3)30221
males with 25 mM EMS. F1 progeny of a cross to
ScallopedGal4 females were scored for the absence of the
overexpression phenotype and balanced stocks were estab-
lished. Genomic DNA was isolated from homozygous
mutant larvae, fragments were amplified by PCR, cloned
and sequenced. Putative mutations were confirmed by
sequencing DNA from independent PCR reactions. mld47
corresponds to Q258Z, mld77 is K329Z, mld92 is K500Z,
mld22 is Q1232Z and mld83 is Q1300Z. For the feeding
experiments, mld47/Df(3R)crb87-5 mutant first instar larvae
were transferred onto 1 mg/ml 20E (Fluka, stock solution
100 mg/ml in ethanol) containing yeast paste 36 F 1.5 h
D. Neubueser et al. / Developmental Biology 280 (2005) 362–372364after egg laying and removed to food not containing
hormone 7 h later. Animals were scored 24 h later.
Isolation of mld cDNA
The LD-embryonic cDNA library (Flybase) was
screened according to standard procedures using a probe
corresponding to nucleotides 290–497 of the mld cDNA
(in the first coding exon). An incomplete cDNA clone
containing the first 4184 bases of the mld sequence was
isolated. This cDNA overlapped by 650 bases with the
commercially available EST SD03914 (Flybase) containing
the last 3413 bases of the mld sequence. A BspHI
restriction site in the overlap was used to combine the
two partial cDNAs into pUAST. This construct contained
the entire mld cDNA except for the first 89 bases of
5VUTR sequence. P-element transformants were isolated by
standard procedures.
Preparation of anti-Mld antibody
A fragment from the mld cDNA from nucleotide 464
(start codon) to nucleotide 2012 was amplified by PCR
using the primers (5V to 3V) AAGGATCCATGAGTGC-
CAACCGAAGAAGAC and TTACTAAGCTTGCCTTC-
CATCCTTGATTCCTTC. The BamHI and HinDIII
digested product was cloned into the pET23a vector
(Novagen). This plasmid was transformed into the E. coli
BL21pLysS strain and expression of the recombinant
protein was induced with 1 mM IPTG (Sigma). After lysis,
the recombinant protein was recovered in the inclusion body
fraction as an insoluble pellet. This pellet was washed
repeatedly with 20 mM Tris–HCl, pH 7.5, 1 mM EDTA, 5%
sucrose, 0.5% Triton X-100. Rats were immunized with 50
mg of insoluble, purified protein in RIBI adjuvant (Corixa)
at intervals of 3 weeks. Animals were bled after 5 injections
and the serum used for immunostainings at a dilution of
1:100 to 1:200. Polyclonal sera were tested for detection of
overexpressed Mld protein in patchedGal4;EP(3)30221
imaginal discs (data not shown).
Characterization of mld mutants and genetic rescue
experiments
FRT82mld47/TM3 KrGal4 UAS-GFP males were crossed
with females of the deficiency Df(3R)crb87-5/TM3 KrGal4
UAS-GFP and eggs were collected for a period of 4 h on
apple juice plates. Circa 24 h later, GFP-negative first
instar FRT82mld47/Df(3R)crb87-5 and GFP-positive (het-
erozygous control) larvae were seeded at a density of 40
larvae per vial into mashed standard fly food and their
survival and developmental progression was monitored
every second day. For testing genetic rescue, UAS-mld/
CyO KrGal4 UAS-GFP ; mld47/TM6 females were crossed
to armadilloGal4/CyO KrGal4 UAS-GFP ; mld92/TM6
males.Genotype of larvae for generation of genetic mosaics
w, hs-FLP1; FRT82 P(Ubi-GFP)/FRT82 mld92.
Northern hybridization and RT-PCR
Total RNA was isolated from whole larvae using the
TRIZOL Reagent (Gibco BRL) following the supplier’s
instructions. Total RNA (10 mg per lane) was separated by
formaldehyde gel electrophoresis and blotted onto Gen-
eScreen Plus nitrocellulose membrane (NEN Life Science
Products, Inc.) with a capillary transfer according to standard
procedures. 32P labeled probes were generated with the
RadPrime DNA Labeling System (Invitrogen). The N-
terminal probe was generated as described above for the
cDNA screening. The probe corresponding to the predicted
gene CG13620 was generated from a PCR product consisting
of bases 1357 to 2508 of themld cDNA corresponding to part
of the third exon. The probes were hybridized to the
membrane over night at 658C in Church and Gilbert
hybridization buffer (0.5 M Na2HPO4, 7% SDS, 1 mM
EDTA, 0.5% BSA). After hybridization, the membrane was
washed twice with 40 mM Na2HPO4, 5% SDS, 1 mM
EDTA, 0.5% BSA and twice with 40 mM Na2HPO4, 1%
SDS, 1 mM EDTA. The blots were exposed to Kodak X-
OMAT Films at808C. Quantitative RT-PCR reactions were
carried out according to standard methods on a Light-Cycler
machine. As a template, first strand cDNAwas prepared with
the Superscript II kit (Invitrogen) from total RNA according
to the kit instructions and was used in dilutions ranging from
1:35 to 1:21875 for the standard curves and 1:250 for the
sample measurements. The primers used were (5V to 3V):
shade-1: GCTGGCATAGAAACGTTAGC shade-2: TGTA-
TGTGGCATTCGTTAGTG sad-1: CGTTGGTCCATA-
GAAGTTCTG sad-2: CTATGCTCAAACACCTTGTGC
dib-1: CATTTTGCTTCTCAGGCTGC dib-2: TCTCTACG-
CAATCGCAGATC phm-1: GTGCCGACCGTAGTCC-
TCTC phm-2: GCGCAGATGATGCCAAATC woc-1:
AAACTGAAGCTCTCCCACACTG woc-2: GAACCGT-
CAGATTGCCGATC dare-1: GGCAACATATCGCTGGG-
TAC dare-2: CGTTCTCCAGCTCTAGTTGC spo-1:
ACCAAACACGCAAAGTCTTA spo-2: CGGGGTGCA-
CATTATACA dare-1: GGCAACATATCGCTGGGTAC
dare-2: CGTTCTCCAGCTCTAGTTGC.
Sample preparation and ecdysteroid analysis
Individual samples of frozen wild-type and mutant first
instar larvae (approximately 700 animals, 38 h after egg
laying (ael) were homogenized (plastic pestle and 1.5 ml
microcentrifuge tube) into methanol, centrifuged at high
speed and the residues repeatedly extracted with methanol
(2  500 Al) and ethanol (1  500 Al) over 2 days.
Solvents were pooled and 1/7.5 of the total volume of each
sample was evaporated into RIA tubes for ecdysteroid titer
determination employing the H22 antibody, which detects
D. Neubueser et al. / Developmental Biology 280 (2005) 362–372 365mainly ecdysone (E), 20E and their side chain oxidation
metabolites (Warren et al., 1988). Titers were normalized
to mg wet weight.
To analyze the ecdysteroid composition of the wild-type
and mutant larvae, all individual sample extracts were
pooled, evaporated under low pressure and the residues
taken up in the initial reverse-phase (RP)-HPLC solvent
(30% methanol) and resolved on a 5 Am Novapak-C18
column (Waters). After an initial isocratic elution (1 ml/
min), a long slow gradient was employed over 2 h to
100% methanol endpoint. Fractions (1 ml) were split in
two and evaporated into RIA tubes for analysis with either
the H22 (Pak and Gilbert, 1987) or SHO3 antibodies. The
latter detects mainly E, 20E and their A-ring metabolites
(Kiriishi et al., 1990). Results, expressed in pg, were
graphed vs. elution volume. Elution profiles of selected
ecdysteroid standards (E and 20E) resolved by this system
are shown.Results
The mld gene
An EP element insertion at the mld gene was identified
in an EP-based overexpression screen for wing patterning
defects (Fig. 2A). Activation of EP(3)30221 in the wing
primordium caused defects in wing vein formation. To
identify the affected gene, the insertion position of
EP(3)30221 was determined. EP(3)30221 was inserted on
the right arm of chromosome three at 96A in the first intron
of the predicted gene CG33343. The predicted start codon
of CG33343 is in the second exon. mld mutations were
selected on the basis of the reversion of the EP element
induced overexpression phenotype (see below), and there-
fore it seemed likely that CG33343 might be mld.Fig. 2. Characterization of the mld locus. (A) GadFly annotation of genes in the reg
in chromosome 3 at position 96A. It is located in the first intron of the predicted g
its expression. CG31312 and CG13620 are the next two predicted genes in the ann
(SD03914) and cDNA clones. The full-length mld transcript is composed of the fi
the positions of stop codons in the mld22, mld47, mld77, mld83, and mld92 mutant
corresponding to sequences from CG33343 and CG13620 (probes I and II, respect
to 7 kb size. Note also the minor band of ~5kb detected by probe II.However, three pieces of evidence suggest that mld does
not correspond exactly to the gene prediction in this region
but that it in fact consists of part of the predicted gene
CG33343 and part of the next downstream annotated gene
CG13620. First, we screened the LD embryonic cDNA
library with a probe complementary to part of the second
exon of CG33343 and isolated three independent clones
containing exons one and two of CG33343 followed by
part of exon 2 of the downstream predicted gene CG13620.
We did not isolate any clones corresponding to the gene
prediction of CG33343. Second, blots of total RNA were
hybridized with probes from the second exon of CG33343
and from the second exon of CG13620. Both probes
labeled the same sized transcript of ~6 to 7 kb length in
addition to a fainter larger band, consistent with the cDNA
evidence that both are part of the same transcript (Fig. 2C).
The estimate of 6–7 kb corresponds to the expected size of
a transcript containing the first two exons of CG33343 and
exons two to five of CG13620 (6947 bases) but not to the
predicted size of CG33343 (1726 nucleotides). Third, a
cDNA containing the first two exons of CG33343 and
exons two to five of CG13620 was cloned into pUAST and
transgenic flies were generated. Overexpression of this
cDNA gave rise to the same phenotype as EP(3)30221 (not
shown), indicating that the constructed cDNA indeed
represents the transcript overexpressed by EP(3)30221.
On the basis of this evidence, it is likely that CG33343 and
CG13620 form one transcription unit (Fig. 2B). However,
we note that a faint band of ~5 kb was detected by the
probe from the second exon of CG13620, perhaps
reflecting an alternate form corresponding to the predicted
CG13620 transcript.
To study the endogenous function of the mld gene, we
performed a screen for reversion of the EP(3)30221 over-
expression phenotype. EMS-treated EP(3)30221 males were
crossed to scallopedGal4 females to direct EP-induced mldion downstream of the EP(3)30221 insertion site. The EP element is inserted
ene CG33343, upstream of the entire coding sequence and oriented to drive
otation. (B) Organization of the mld gene determined from overlapping EST
rst two exons of CG33343 spliced to exons 2–5 of CG13620. Stars indicate
alleles. (C) Northern blots of wild-type larval RNA hybridized with probes
ively, indicated in panel B). Both probes recognize a transcript of the same 6
Fig. 3. Developmental arrest of mld47/Df(3R)crb87-5 mutant larvae. (A–F)
Light microscope pictures of Drosophila larvae. (A, C, E) Mid second
instar wild-type larva. (B, D, F) Molting defective developmentally arrested
mld larva. Although the mld mutant animal is older, it retains the smaller
head skeleton and trachea characteristic of the first instar stage (arrrowheads
in panels B, D and F; compare to (A, C and E). Despite the developmental
arrest, mld mutant animals continue growing and accumulate fat in the fat
body (fb, arrow in panel D), which is not normally visible at this stage. (G)
Comparison of the survival rate and developmental progression of mld47/
Df(3R)crb87-5 mutant versus wild-type animals. mld47/Df(3R)crb87-5
mutant animals die as first instar larvae.
D. Neubueser et al. / Developmental Biology 280 (2005) 362–372366transcription in the wing primordium. From ~40,000 flies
examined, 26 flies were isolated with normal wing
morphology despite activation of the EP element. These
26 alleles formed one lethal complementation group. All 26
mld alleles failed to complement both deficiencies,
Df(3R)crb87-5 and In(3R)Ubx[7LL]ats[R], indicating that
the lethal phenotype mapped to the same region as
CG33343/CG13620. Five of the 26 alleles have been
sequenced and exhibit mutations altering the coding
sequence in the third exon of the combined CG33343/
CG13620 transcript (stars in Figs. 2B and 4A). The mld47
allele is associated with a stop codon in place of glutamine
258 (Q258Z). The other alleles also truncate the predicted
protein before the Zn fingers (mld77 is K329Z, mld92 is
K500Z, mld22 is Q1232Z and mld83 is Q1300Z). To
confirm that CG33343/CG13620 is mld, a genetic rescue
experiment was performed, expressing the transgenic
CG33343/CG13620 transcript ubiquitously with the arma-
dilloGal4 driver in a mld47/mld92 mutant background. Three
independent transgene insertions were tested and all rescued
the mld phenotype to varying degrees. Ubiquitous expres-
sion of the strongest CG33343/CG13620 transgene rescued
100% of mld mutant animals to viable and fertile adults (not
shown, genotype of rescued animals: w; UAS-mld/arma-
dilloGal4; mld47/mld92. Taken together, these findings
confirm that the CG33343/CG13620 transcript represents
the endogenously expressed mld gene.
mld mutants arrest in first instar
The lethal phase of the five mld alleles described above
was examined in more detail. All alleles behaved similarly
in trans to Df(3R)crb87-5, with larvae dying before reaching
the second instar stage. There was no apparent difference in
severity of the phenotype for the different alleles, or for the
heteroallelic combination mld47/mld92, which was used for
the genetic rescue experiment. This suggests that the
truncations cause strong reductions in gene activity,
although it is not possible to be certain whether they are
null alleles, given that there is a truncated protein produced
by all of the sequenced alleles.
mld47/Df(3R)crb87-5 mutant animals completed embryo-
genesis normally and reached the first larval stage at close to
the expected frequency. Following hatching, mutant first
instar larvae fed normally, indicated by the uptake of colored
food, and showed no apparent morphological or behavioral
defects. However, these animals showed subsequent defects
during the first larval molt. Molting allows the animal to
enlarge its cuticle and so allow for the massive growth of the
larva. At molting, the larva produces a larger cuticle, a larger
head skeleton and wider trachea. The smaller old structures
are shed at the end of the molt following a characteristic set
of movements called ecdysis (Park et al., 2002). The
different larval stages can be easily distinguished by the
size of the head skeleton, the trachea and the spiracles,
because these structures do not grow continuously duringlarval life and so have a fixed size in each stage. mld47/
Df(3R)crb87-5 animals did not molt at the end of the first
instar. In wild-type animals, the second instar head skeleton
and trachea appeared and the animals shed the old cuticle
approximately 1 day after hatching (Figs. 3A, C, E). In
contrast, mutant animals did not produce a second instar
head skeleton or trachea (Figs. 3B, D, F) nor did they show
the characteristic behavior for shedding of an old cuticle.
Instead, they continued to grow while apparently remaining
as first instar larvae beyond the time when their heterozygous
D. Neubueser et al. / Developmental Biology 280 (2005) 362–372 367siblings molted. We refer to these as dmolting defectiveT
larvae. Three to four days after hatching, mutant animals
reached the size of wild-type mid second instar larvae (Figs.
3A, B). The fat body, which is not normally visible in first
instar animals, was well developed in these mutants,
indicating that the animals continued to feed (Figs. 3C, D).
The majority of mutant animals died between 3 and 5 days of
age (Fig. 3G).
mld encodes a nuclear zinc finger protein
The predicted Mld protein has 7 zinc fingers in two
clusters in the C-terminal part of the protein but no other
recognizable domains (Fig. 4A). We were able to identify a
homologuous gene in Drosophila pseudoobscura but not in
Anopheles, C. elegans or in vertebrates, indicating that this
protein might be specific to a subset of insects (not shown).
We raised a polyclonal antiserum in rats to the N-terminal
500 amino acids of the Mld protein (Fig. 4A). The antibody
recognizes a nuclear protein that was broadly expressed at
many developmental stages. Mld protein was ubiquitously
expressed in the early embryo and shifted transiently to a
more complex pattern including expression in the head
region, the future germ cells (not shown) and the segments
in later stages, resembling the pattern of the transcript (Figs.
4B–D). Mld protein was also found in larval tissues
including imaginal discs (not shown), fat body, salivary
gland and in the larval ring gland (Figs. 4E–G). The protein
was also seen in the follicle cells and nurse cells of the
female ovaries and was deposited in the oocyte (not shown).Fig. 4. Mld is a nuclear zinc finger protein. (A) Schematic diagram of the Mld pr
indicate the positions of stop codons in the mld22, mld47, mld77, mld83, and mld
antiserum is indicated below the diagram. (B, C, E–G) Confocal sections of em
hybridization of a stage 12 embryo with an mld probe (probe I, see Fig. 2B). (B
staining in a segmented pattern and in the cephalic region. (E) Larval ring glandThe antibody also recognized overexpressed Mld, for
example in ptcGal4; EP(3)30221 animals (not shown).
The mld92 mutant allele truncates the open reading frame
but includes the N-terminal domain against which the
antibody was raised (Fig 4). A priori, it is not possible to
predict whether this will result in an unstable product or in a
stable, truncated product. We examined the Mld protein in
clones of cells mutant for mld92 and found that the protein
was still produced but that its subcellular localization had
altered. A single cell mld92 mutant clone in the ring gland
was marked by the absence of the marker GFP (Fig. 6G first
panel, GFP in green; indicated by the arrow in all panels.
The adjacent bright green cell is the homozygous wild-type
sister twin containing two copies of the marker GFP). In the
wild-type cells, Mld protein (red) localizes to the nucleus
(red Mld and DNA labeled by DAPI are coincident),
whereas in the mutant cell, the truncated mutant Mld
protein was seen in the cytoplasm and in the nucleus (Fig.
6G). In total, 7 single cell ring gland mutant clones were
analyzed and all showed the same distribution of the
truncated protein in the cytoplasm and nucleus. Larger
mitotic clones in wing and eye imaginal discs did not
produce any obvious phenotypes (not shown). No defect in
the survival of the mutant cells to adulthood or their
differentiation was observed.
mld is required for ecdysteroid biosynthesis
Pulses of ecdysteroids govern many developmental
transitions in Drosophila including larval molting and theotein, showing the seven zinc fingers (ZnF) in the C-terminal region. Stars
92 mutant alleles. The portion of the protein used for the production of an
bryonic and larval tissues stained with an anti-Mld antiserum. (D) In situ
) Blastoderm stage embryo. (C) Stage 14 embryo, showing stronger Mld
(arrow). (F) Fat body. (G) Salivary gland.
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1999). Given that themld mutants showed defects in molting,
we tested whether mld activity is required for ecdysteroid
production. Hormone levels of mld47/Df(3R)crb87-5 mutant
and control first instar larvae harvested at 38F 1.5 h ael and
of molting defective larvae (z72 h ael) were analyzed.
Mutant animals had less than 1/5 of the amount of total
ecdysteroid found in controls (assayed by radioimmuno-
assay, Fig. 5A). The differences between these populations
were statistically significant (t test = 9E  20 for wild-type
vs. mld mutant at 38F 1.5 h and 1.5E 20 for wild-type vs.
mld molting defective larvae). The steroid content was
further analyzed by RP-HPLC. Mid first instar mutant
animals (38 F 1.5 h) contained little or no detectable 20E
or ecdysone, whereas control animals of this stage showed
large peaks of both hormones (Fig. 5B). Molting defective
(aged) first instar mutant larvae also did not contain
detectable 20E or ecdysone (Fig. 5B).
If the absence of these hormones, particularly 20E, is the
underlying cause of the mutant phenotype, we would expect
that exogenously applied hormone could substitute for the
missing endogenous hormone and perhaps overcome the
developmental arrest. To test this, animals were fed with food
containing 20E. Mutant mld47/Df(3R)crb87-5 first instar
larvae were transferred onto 20E containing food 36F 1.5 h
ael and removed to normal food 7 h later. Animals were
scored 24 h later. Feeding 20E to mld mutant larvae had a
striking effect on the developmental progression of theseFig. 6. Hypertrophy of the ring gland in arrested mld mutants. (A, B, C, E) Fluores
tissues in panels C and E, respectively. Arrows in all panels indicate the ring glands
mutant larva. (C, D) Wild-type 2nd instar larva. (E, F) mld arr. denotes aged mld4
to complete the first instar molt. Note the enlargement of cell and nuclear sizes an
gland from a wild-type 2nd instar animal of the same body size and with a simila
mld92 homozygous mutant cell, marked by the absence of GFP (green, left panel;
the mutant cell is the twin clone containing two copies of the marker GFP and the
(Panel 2) Note the increased cytoplasmic localization of the mutant protein in
(arrowhead) with predominantly nuclear localization of the full-length protein. (Pan
of a heterozygous cell cut in the same optical plane (arrowhead).animals. Out of 291 homozygous mutant larvae treated, 50
(17%) underwent a molting cycle including the formation of a
larger second instar head skeleton and shedding of the old
cuticle. However, they often had problems to shed the first
instar head skeleton partially because the second instar head
skeleton was still incomplete at ecdysis. In other cases, they
were not able to detach the old mouth hooks from the new
ones, which left them attached to the old cuticle at the tip of
the mouth after ecdysis. 199 larvae (68%) progressed to the
first larval molt showing head skeletons that had duplicated
mouth hooks, floor plates or both (Fig. 5C) but did not
undergo ecdysis. Only 14% of the animals showed no sign of
rescue. These results confirm that mld mutants are defective
in molting at least in part because of an inability to produce
ecdysteroids. These defects resemble those observed in
animals lacking the EcR gene (Schubiger et al., 1998).
mld mutants have enlarged ring glands
Molting defective, developmentally arrested mld47/
Df(3R)crb87-5 first instar larvae (z72 h ael) were also
found to contain enlarged ring glands compared to wild-type
second instar animals (compare Figs. 6C, D with E, F;
arrows pointing at ring glands). Wild-type 2nd instar larvae
were used as control in this experiment, because they had a
similar body size and also their brain sizes were comparable
to that of the developmentally arrested mld mutant animals.
Yet, their ring glands were much smaller than that ofcence images of DAPI-stained larval tissues. (D, F) Phase contrast images of
. (A) 48 h old first instar wild-type larva. (B) 48 h old mld47/Df(3R)crb87-5
7/Df(3R)crb87-5 mutant larva that were developmentally arrested and failed
d overgrowth of the arrested mutant ring gland (E, F) compared to the ring
r brain size (C, D). (G) Confocal images of a ring gland containing a single
indicated by the arrow in all three panels). The bright green cell adjacent to
wild-type mld gene. Middle panel: Mld in red, Dapi in blue. Panel 3: Dapi.
the homozygous mutant cell (arrow) compared to the heterozygous cell
el 3) The size of the nucleus of the mld mutant cell (arrow) is similar to that
D. Neubueser et al. / Developmental Biology 280 (2005) 362–372370molting defective mld mutant animals. This defect was not
observed in larvae dissected at the end of the first instar, at
which point mutant and wild-type animals had comparable
sized ring glands (Fig. 6B, compare with A). The enlarge-
ment of mld mutant ring glands of molting defective mutant
animals was due to the increase in the size of individual
ecdysone-producing prothoracic gland cells. Cell enlarge-
ment was accompanied by enlargement of the nuclei
(compare nuclear sizes of the ring gland in E with C). A
single mld92mutant cell (arrows in Fig. 6G) marked by the
absence of the marker GFP in an otherwise heterozygous
ring gland was normal in size (Fig. 6G). This observation
might indicate that the cell enlargement in the ring gland of
arrested, homozygous mutant animals is not a cell auton-
omous phenotype and might not be a direct consequence of
the absence of Mld. Instead, enlargement of the hormone-
producing cells might reflect cellular hypertrophy in an
attempt to compensate for low hormone levels in the mutant.
Ring gland hypertrophy has been observed in other mutants
affecting ecdysteroid production (Sliter and Gilbert, 1992;
Wismar et al., 2000). Taken together, these observations
suggest that the defect in the mld mutant may be due to the
inability of the prothoracic gland cells to produce normal
quantities of steroid hormone.
Are genes encoding enzymes of steroid biosynthesis targets
of Mld?
Because mld encodes a nuclear zinc finger protein that is
expressed in the major steroid producing tissues, a possible
explanation for the absence of E and 20E in mld mutants
might be that Mld acts as a transcription factor required for
expression of one of the enzymes involved in ecdysteroid
biosynthesis. We therefore analyzed the expression of genes
encoding 20E biosynthetic enzymes by quantitative RT-
PCR in mutant and wild-type first instar larvae collected at
24, 30, 36, 42 and 48 F 1.5 h ael. The levels of dib, shade,
sad, phantom and spook transcripts were normalized to theFig. 7. Quantitative RT-PCR analysis of genes involved in ecdysteroid biosynthe
wild-type and mld47/Df(3R)crb87-5 mutant larvae at 24, 30, 36, 42 and 48 h ael. T
versus age (x axis). Light gray bars, wild-type. Dark gray bars, mld mutant. None
transcript levels in mld mutants. dare levels are slightly reduced in mld mutants.ubiquitously expressed RP49 transcript. None of these
genes were expressed at a consistently lower level in the
mutants (Fig. 7). On the contrary, there was a clear increase
in dib expression in mld mutants compared to wild-type,
with smaller increases also suggested for shd and phm
transcripts. dib encodes one of the P450 enzymes required
for ecdysteroid biosynthesis and ecdysteroid levels decrease
in dib mutant embryos (Chavez et al., 2000; Warren et al.,
2002). On this basis, it seems unlikely that an increase in
dib expression could be responsible for the observed lack of
ecdysteroids in mld mutants. It seems more likely that the
increase in dib transcription is a consequence of the lack of
ecdysteroids circulating in the larva, perhaps reflecting the
observed hypertrophy in the hormone-producing prothora-
cic gland cells. Like mld, woc and dre4 show enlargement
of the ring gland (Sliter and Gilbert, 1992; Wismar et al.,
2000). We also tested whether woc might be a target for
regulation by mld but again found no consistent evidence
for reduction of the level of woc RNA in the mld mutant
(Fig. 7). The mitochondrial electron transporter adrono-
doxin reductase delivers electrons via adrenodoxin to P450
enzymes in the mitochondrion. Its Drosophila homologue,
defective in the avoidance of repellents (dare), is also
required for ecdysteroid production (Freeman et al., 1999).
There seems to be an overall reduction of dare expression in
mld mutants to about 2/3 of normal levels. This reduction
seems unlikely to explain the decrease of ecdysteroid
production in mld mutants unless it reflects a complete
absence of dare expression in the ecdysteroid producing
tissues which was hidden by the unchanged expression of
dare in non-endocrine tissues. At this point, we cannot
distinguish between these possibilities.Discussion
What is the basis for the lack of steroid biosynthesis in
the mld mutants? Ecdysteroids are produced from dietarysis. Expression of dib, shd, phm, sad, spo, woc and dare was analyzed in
he ratio of amplified product relative to a standard (RP49, y axis) is plotted
of the genes dib, shd, phm, spo, woc and sad showed a strong reduction in
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oxidation and hydroxylation reactions. The H22 or SHO3
antibodies recognize the products ecdysone, 20E and late
stage intermediates. Using these antibodies, we did not
observe accumulation of identifiable intermediates in either
young or aged molting defective mutant animals in the RP-
HPLC analysis of first instar larval whole body sterols.
However, as these antibodies do not reliably detect
intermediates prior to ketotriol, we cannot exclude their
presence. In addition, ecdysteroids more polar than 20E
(which are detected by the antibodies) were not found in
the mutant animals, indicating that a possible increase in
known metabolic ecdysteroid inactivation reactions is also
not the cause of the low ecdysteroid phenotype. Taken
together with the RT-PCR data, these findings indicate that
the biosynthetic pathway is probably disrupted rather early,
i.e. prior to the four terminal 25, 22, 2 and 20-
hydroxylation reactions. Unfortunately, many enzymes
required for ecdysteroid biosynthesis remain to be charac-
terized. In particular, genes encoding enzymes early in the
pathway remain to be identified (cholesterol 7,8-dehydro-
genase and the enzyme(s) of the Black Box; Gilbert, 2004;
Gilbert et al., 2002). It is possible that mld regulates the
expression of one of these earlier enzymes. It also remains
possible that a non-enzymatic step is disrupted in mld
mutant animals.
In locusts and tobacco hornworms, at least two of the
biosynthetic P450 enzymes, the early 7,8-dehydrogenase
and the C-25-hydroxylase, are found in the microsomal
fraction while the C-22, and C-2 and C-20 hydroxylases are
located in the mitochondria (Grieneisen, 1994; Kappler et
al., 1988). Therefore, sterol intermediates have to be
transported between these organelles and disruption of a
transport step could affect ecdysteroid production. This
seems to be the case in the low ecdysteroid mutant ecd.
Radiochemical incorporation studies indicated that this
mutation affects the transport of 7dC from the endoplasmic
reticulum into the mitochondria (Gilbert et al., 2002; Lafont
et al., 2004; Warren et al., 1996). Likewise, a non-enzymatic
step, like the transport between different cellular compart-
ments, could be affected. It also is possible that the
biosynthetic pathway is not disrupted but regulation is
disrupted. Synthesis and release of ecdysteroids from the
prothoracic gland are initiated by the prothoracicotropic
hormone (PTTH) produced by a set of lateral neurosecretory
cells in the brain, whose axons terminate in the corpus
allatum (Riddiford, 1993; Rybczynski, 2004). mld also is
expressed in the brain and could therefore possibly play a
role in regulating PTTH biosynthesis or release. Although
PTTH has been found in Drosophila, the gene remains to be
identified (Gilbert et al., 2002). An alternative possibility is
that mld activity affects the differentiation of hormone-
producing tissues. The prothoracic cells of the ring gland
show hypertrophy in the mutant, which we interpret as a
consequence of their failure to produce hormone and a lack
of feedback down regulation of their size. This suggests thatthey are correctly specified, but we cannot exclude more
subtle defects.
It is also possible that Mld may have other functions in
development, in view of its broad spatial and temporal
expression. Mitotic clones in wing and eye imaginal discs do
not show any obvious phenotype (not shown) raising the
question whether mld expression is required in these tissues.
It has been suggested that the embryonic epidermismight be a
site of ecdysteroid production during embryogenesis prior to
the formation of the ring gland (Warren et al., 2002).
Similarly, it is not clear which tissues produce ecdysteroids
during metamorphosis after the larval ring gland has
degenerated. It is possible that mld is required in tissues
other than the ring gland for the production of ecdysteroids
during metarmorphosis and therefore mitotic clones do not
show a phenotype because of hormone production in other
cells.
mld mutant animals arrest in the first larval stage and
die after a prolonged period as first instar larvae. The
specific defects in mld mutants resemble those of other
genes defective in steroid biosynthesis or function.
Mutations removing all isoforms of the ecdysone receptor
gene are embryonic lethal, but mutations affecting the two
EcR-B isoforms cause developmental arrest at the bounda-
ries between the three larval stages with animals carrying
two pairs of mouth hooks, each typical of the specific
instar and the subsequent instar (Schubiger et al., 1998).
Similarly, mutations in the dare gene, which encodes a
protein transporting electrons to mitochondrial P450
hydroxylases cause death during the second instar or the
second larval molt with duplications of the mouth hooks.
As in the case of mld, 20E feeding can advance the
development of dare mutant animals (Freeman et al.,
1999). As noted above, dare levels are reduced in the mld
mutant, but only by about 1/3. It is unclear whether this
can explain the mutant phenotype, unless it reflects a
complete absence of dare expression in the ecdysteroid
producing tissues, which was masked by unchanged
expression in non-endocrine tissues.
The mld mutant phenotype resembles most closely that
of woc, which also encodes a predicted transcription factor
that is required in some unknown way for an early step of
steroidogenesis, perhaps the cholesterol 7,8-dehydrogenase
(Warren et al., 2001). In woc mutants, ecdysteroid
production by the ring gland is impaired and providing
an exogenous source of 20-hydroxyecdysone partially
rescues mutant animals (Wismar et al., 2000). Like mld,
woc and dre4 show enlargement of the ring gland (Sliter
and Gilbert, 1992; Wismar et al., 2000), raising the
possibility that mld might regulate woc. However, woc
RNA levels are not affected in the mld mutant. dre4 has not
been cloned and cannot be tested in this assay. The nature
of the potential target gene(s) of Mld remains unclear.
Identification of these target genes can be expected to
provide new insight into the regulation of steroid hormone
biosynthesis.
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